We present time-resolved and spatially-resolved photoluminescence (PL) measurements of InGaN inclusions in a GaN matrix. The structures were grown by metal-organic chemical vapor deposition on sapphire and Si(ll1) substrates. Nonresonant pulsed excitation yields a broad PL peak, while resonant excitation into the nonresonant PL intensity maximum results in an evolution of a sharp resonant PL peak, having a spectral shape defined by the excitation laser pulse and a radiative decay time close to that revealed for PL under nonresonant excitation. Observation of a resonantly excited narrow PL line gives clear proof of the quantum dot (QD) nature of luminescence in InGaN-GaN samples. Cathodoluminescence (CL) and micro-PL measurements demonstrate sharp emission lines from single QD states. The recombination dynamics of single QD's and the whole QD ensemble were investigated. Monoexponential decay was observed for the PL of single QD's. For similar transition energies different time constants were obtained. Therefore the nonexponential decay observed for the whole ensemble is attributed to the coexistence of QD's having similar ground-state transition energies, but significantly different electron-hole overlap. 
structures could still improve their performance enormously [2] . In particular, InGaN QD lasers are expected to have low threshold current densities and better temperature stability compared with conventional blue lasers with InGaN quantum wells (QW) [3] . Some researchers proposed that indium fluctuations in ultra-thin InGaN layers represent ultra dense (10'' cmP2) arrays of QD's. These QD's are found to be responsible for good luminescence properties of thin InGaN layers [7] , as they suppress carrier diffusion towards various defects and were claimed to be crucial for lasing in InGaNbased injection structures [8] . Previously, we emphasized that the maximum modal gain is direotly proportional to the volume density of QD's [9] , and a maximum modal gain of about 105 cm-' may be realized for wide-gap QD's having a density of 10" cmP3 and a density-of-states broadening of a few tens of meV [2, 5] . This Opens unique possibilities for device applications, particularly, for lasers. Consequently, InGaN QD structures have been intensively investigated in recent time. Growth of nanometer-scaled islands, similar to the well-known Stranski-Krastanov growth mode, as well as QD properties of Inrich fluctuations were reported [3, . Spatially resolved luminescence experiments demonstrated sharp emission lines originating from single QD states with 8-like density of states [13, 14] . Time-resolved luminescence investigations on such emission lines were reported [14] . Nevertheless, the QD nature of ultra-thin InGaN-layers is still under controversial discussion. Many groups reported a long-wavelength shift of the InGaN PL after pulsed excitation accompanied by a significant increase in the PL decay time [15-181. Additionally a blueshift of the PL with increasing continuous-wave excitation density was observed [19] . In both cases, screening of piezoelectric fields separating electrons and holes in a QW at high excitation densities was proposed to be responsible for the above effects. In a QD no further population is possible in the case of a photon having exactly the same energy, after the first exciton is created in a QD. Thus, no screening of piezoelectric fields with increased excitation density is possible. This is opposite to the QW case, where a continuum of states exists, and a lot of electron-hole pairs can be created in the Same QW.
In this report we present time-resolved and spatially resolved photoluminescence (PL) as well as cathodoluminescence (CL) investigations on InGaN structures that unambiguously evidence the QD origin of the InGaN luminescence. Monoexponential decay of the PL is found for emission lines from single QD's. Meanwhile a nonexponential decay was observed for the luminescence of the entire QD ensemble. This behavior is attributed to disorder in the size and in the composition distribution of the QD's. Furthermore, the spectral dependence of the QD ensemble PL decay shows the relevance of transfer processes.
Sample A, grown on a (0001) C-plane sapphire substrate by metal-organic chemical vapor deposition (MOCVD), consists of a 2.5 ym GaN buffer layer, with an active region of a 10-period InGaNIGaN superlattice and a 0.07 ym GaN cap layer, fonnation of a 3 nm InGaNt7 nm GaN superlattice was achieved by periodic substrate tempera,ture variation from 820 to 915 "C. Sample B was grown by low-pressure MOCVD on Si(ll1) surface. An AlN layer acting as nucleation surface was obtained by using a previously described conversion process of AlAs to AIN [20] . In the following step Alo.05Gao.95N/GaN buffer layers were grown at T = 1150 "C up to a total thickness of 1 ym. The InGaN layers were grown at 800 "C. Total pressure was kept at 400 mbar during InGaN deposition. The growth was finished with a 20 nm GaN cap layer grown during heatup to 1100 "C.
Sample B was masked with a 70 nm thick metal cap leaving apertures of 100 and 200 nm diameter for spatially resolved investigations. Previous Cross section TEM measurements on both samples showed composition fluctuations in the InGaN layer with indium rich domains. Their lateral size of about 5 nm is comparable to the exciton Bohr radius, thus small enough to provide for strong localization of excitons and confinement of their wave functions [13] .
Sample A was investigated by time-resolved PL spectroscopy at 2 K under tunable dye laser excitation with a repetition rate of 3.79 MHz at wavelengths of 291 nm (4.26 eV) and 424 nm (2.925 eV). Sample B was investigated by time-resolved and spatially-resolved PL and CL spectroscopy. The PL was excited at 353 nm (3.5 1 eV) by the second harmonic wave of a mode-locked Ti:sapphire laser. The temporal width of the laser pulses was 2 ps at a repetition rate of 80 MHz. The PL measurements were performed in a helium-flow microscope cryostat at a temperature of 5 K. The luminescence light was collected through a microscope objective. While the luminescence of the entire QD ensemble was detected from unmasked areas single QD luminescence was detected through 200 nm apertures in the metal mask. The detection System for all PL measurements consisted of two 0.35 m McPherson monochromators in subtractive mode and an ultra-fast photo detector (microchannel plate) providing a spectral resolution of about 1 meV and a time resolution of better than 30 ps. CL measurements were performed with a JEOL JSM 840 scanning electron microscope equipped with a cathodoluminescence setup. All CL measurements were made at a temperature of 6.5 K. The luminescence light was dispersed by a 0.3 m monochromator equipped with a 2400 lines/mm grating and detected with a nitrogen cooled Si-CCD camera, providing a spectral resolution of 310 peV at 3 eV.
In Fig. 1 the temporal evolution of the PL intensity for both samples is shown. The rise time was found below the detection limit. A nonexponential decay was observed. This behavior is typical for heavily disordered materials and is fitted by the stretched exponential model [21] 
(solid lines in Fig. l(a) and (b) ). Here, t* is the time constant and ß is the stretching Parameter. The variation of ß from unity is a measure for the degree of disorder in the material. Values from 0.35 to 0.80 were obtained. This well-known nonexponential behavior [ l l , 12,141 was previously interpreted as a temporal dependence of the decay time.
It was attributed to the screening of piezoelectric fields which influences electron-hole wave-function overlap through the Quantum-Confined Stark-Effect (QCSE). It was suggested that at high excitation densities, reached by pulsed lasers, piezoelectric fields could be screened by nonequilibrium charge camers. This screening would initially lead to a stronger wave-function overlap, while progressive depopulation would be followed by electron-hole separation and result in increasing life times [22] . Thisneffect should be dependent on excitation density. We observed that a decrease of the excitation density of two orders of magnitude did not result in any change of the shape or the time constant of the transient PL. Thus the screening of piezoelectric fields cannot be responsible for the nonexponential PL decay. More1 et al. [ l l ] offer an alternative explanation that can be related to a broad distribution of exciton life times in localization Centers with similar transition energies. Fig. l(b) ), inset: time-integrated PL.
They attribute the variation of life times to an in-plane separation of electrons and holes. A 'Pseudo-DAP' model based on Thomas et al. [23] is developed for the recombination dynamic. The recombination probability depends on the lateral distance r between electron and hole: where a denotes the characteristic distance of the localization centers. The time dependence of the luminescence intensity is given by While W", calibrates the time axis V = n . a2 defines the shape of the decay function.
Since n denotes the density of localization centers, V characterizes the degree of localization. Though this model yields a good approximation of our results (dashed line in Fig. l(b) ), it will be shown that individual QD's have different exciton life-times and that this leads to the nonexponential decay of the QD ensemble.
One experiment, which can clarify unambiguously the nature of the processes involved, is the resonant excitation of the time-resolved PL. In Fig. 2 we present the PL of sample A in a timelwavelength plot. The excitation wavelength exactly matches the PL maximum. After the excitation pulse (white color) the shape of the PL spectrum is completely different to the nonresonant case. Most of the PL intensity exactly resembles the spectral shape of the excitation source. Even the nonexponential decay of this signal corresponds to the PL decay after nonresonant excitation (see Fig. l(a) ). This unambiguously evidences the QD origin of the sample. The PL peak does not shift in time and no spectral broadening was observed. This may additionally rule out any importance of the gradual weakening of the piezoelectric screening with carrier depopulation, that takes place in QW samples. The observed behavior fits exactly the behavior of resonantly excited QD's having a deltafunction-like density of states [12] .
Spatially high-resolved CL measurements show discrete QD states in our stmctures and demonstrate 3-D confinement of carriers in InCaN QD's [13] . When detected through one aperture of the shadow mask the broad luminescence peak of the QD ensemble decomposes into sharp lines (Fig. 3) . The narrowest observed line shows a full width at half maximum (FWHM) of 0.48 meV. These lines were observed from 2.8 to 3.2 eV indicating QD origin of the entire broad peak. Time series of single line spectra with short integration time (80-300 ms) show slight stochastic variations of the peak energies and intensities due to fluctuating electric fields. The source of these fields is charging and discharging of nearby defects or interface states [24, 25] . This effect can be used to correlate transitions that originate from the Same QD, since they experience the Same electric fields, and hence, the lines exhibit the Same energetic jitter and intensity behavior [26] . Doublets and triplets showing a similar jitter could be observed [13] . The presence of such groups demonstrate the existence of higher excitonic complexes in one QD. Linear and quadratic dependence on the excitation density were found. This behavior is typical for excitons and biexcitons [27] .
Time-resolved PL measurements on the observed single QD lines as well as on the entire QD ensemble were performed. In Fig. 4 the spectral dependence of the PL time constants for sample B is shown. The fitting Parameter t* from the stretched exponential and the l/e decay time te are presented. Both time constants show a sirnilar spectral dependence. Their decrease with increasing energies is generated by the rise of transfer processes of localized excitons. To determine the radiative lifetime of the localized excitons as well as their average binding energy and mobility properties, we evaluated the results with a model introduced by Gourdon and Lavallard [28] accounting for lateral energy transfer in a high-density QD ensemble [29] . Assuming the density of tail states is proportional to exp(-EIEo) the PL decay time for excitons in localized states as a function of the spectral position can be described by:
where trad is the radiative lifetime, E" the energy for which the radiative lifetime equals the lateral transfer time and E0 is a characteristic energy for the density of states. The latter parameter is a measure for the average localization energy of the QD's. E" denotes the change from 3-D-localized QD states to QW states with higher exciton mobility. Above this energy the transfer of excitons is more probable than their radiative decay. Applying
Eq. (4) (solid line in Fig. I(a) ) yields a radiative lifetime of trad -805 ps, an average binding energy of E. -45 meV and an E" -3.17 eV. The most striking result is that nearly the whole PL is emitted at energies below E". Thus, the spectral dependence of t * and te yields another unambiguous proof for the QD origin of the luminescence. While Eq. (4) gives a good approximation for our results at higher energies, both, T* and te differ from the fitting curve on the low energy tail of the QD ensemble emission band. We attribute the decrease of the decay times with lower energy to an increasing confinement of excitons in QD's with higher localization energy and thus with a higher electron-hole overlap. The dynamics of excitons in single QD's were investigated using p-PL. Fig. 5 shows the transient behavior of a single QD line emphasized in the inset. Superimposed to the studied line there is a background signal that made up to 70% of the PL intensity. This background signal is attributed to luminescence light from the QD ensemble transmitted through the mask and scattered light from other mask holes. To eliminate the transient behavior of the background and isolate the single QD emission line two transients for each QD line were recorded: one detected at the maximum of the line and one 5-10 meV aside. Since the changes in the PL dynamic of the entire QD ensemble are negligible for energy differences of a few meV, the latter transient was subtracted from the first to obtain the true PL decay of the single QD state as suggested by Robinson et al. [14] . As opposed to the ensemble luminescence single QD lines show a single-exponential behavior. Their decay times range between 0.4 and 1.6 ns.
In Fig. 6 the observed decay times as a function of the transition energy are depicted for the ensemble luminescence (squares) and for the investigated single QD's (triangles). A large spread of the latter was observed even at similar detection energies. Consequently, QD states with the Same transition energy do not necessarily have the Same exciton lifetime. In fact, the dynamics of luminescence are governed by two competing processes: the transition probability which primarily depends on electron-hole wavelnction overlap and the probability of nonradiative escape. The wave-function overlap is affected by QD size, shape and the depth of its localizing potential. The latter is not given by its absolute indium content, but depends on the difference of the indium concentration in the QD and its adjacent area. Due to the disordered distribution of the indium content in the investigated sample [13], there is no correlation of the localization energy to the transition energy. Luminescence at a certain detection energy originates from a QD sub-ensemble with the Same transition energy. However, this sub-ensemble still consists of QD's with a broad distribution of electron-hole wave-function overlap. The transfer probability shows a similar behavior. Generally, the trend towards shorter time constants for higher transition energies (Fig. 6) can be explained by an increasing importance of escape processes. Nevertheless, the transfer probability also differs inside one QD sub-ensemble. For QD's of a sub-ensemble this leads to different time constants. Thus the nonexponential PL decay is assigned to the summation of monoexponential decays originating from individual QD's.
In conclusion, observation of a resonantly excited narrow PL line and sharp CL lines originating from single QD states gives clear proof of the QD nature of luminescence in our InGaN samples. In addition, the recombination dynamics of excitons localized in a single InGaN QD was compared to the recombination dynamics of the entire QD ensemble. The dynamic of the exciton decay was found to be monoexponential. The nonexponential PL decay of the entire QD ensemble gives an unambiguous proof that the disorder of the QD System governs the recombination dynamics.
